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Abstract
A possible solution to the problem of providing a spacetime de-
scription of the transmission of signals for quantum entangled states
is obtained by using a bimetric spacetime structure, in which quantum
entanglement measurements alter the structure of the classical rela-
tivity spacetime. A bimetric gravity theory locally has two lightcones,
one which describes classical special relativity and a larger lightcone
which allows light signals to communicate quantum information be-
tween entangled states, after a measurement device detects one of the
entangled quantum states. This theory would remove the tension that
exists between macroscopic classical, local gravity and macroscopic
nonlocal quantum mechanics.
e-mail: john.moffat@utoronto.ca
1 Introduction
One of the most important features of quantum mechanics is the Einstein-
Podolsky-Rosen [1, 2] effect, in which strong correlations are observed be-
tween presently noninteracting particles that have interacted in the past.
The problem of understanding the consequences of the EPR effect is still
controversial [3]. Experiments on entangled particle states have verified the
‘nonlocal’ nature of quantum mechanics [4]. One disturbing feature of the
standard interpretation of quantum mechanics is that the nonlocal nature of
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the entanglement process has been divorced from our common intuitive ideas
about spacetime events and causality. The standard interpretation asserts
that for photons (or electrons) positioned at A and B, separated by a space-
like distance, there is no exchange of classical information and superluminal
signals between A and B are impossible according to special relativity. With
the advent of the possibility of constructing quantum computers and per-
forming ‘teleportation’ experiments, the whole issue of the spacetime reality
of the EPR process becomes more problematic.
There exists also the fundamental puzzle that contemporary quantum
mechanics is nonlocal on a macroscopic level, whereas gravitation described
by Einstein’s general relativity (GR) is a strictly local macroscopic theory.
This causes a tension to exist between the two fundamental pillars of modern
physics [5].
We can adopt three possible positions:
1. There is no problem. Quantum mechanics is nonlocal and we should
accept that there is no possible causal phenomenon associated with a
space and time interpretation of entanglement as dictated by classical
special relativity and Bell’s inequality [6].
2. Quantum mechanics should be altered in some way to bring about a
causal, space and time description of quantum mechanics.
3. Classical spacetime locally described by a flat, Minkowskian metric
with one light cone, is not adequate to explain the physics of quantum
entanglement. The standard, classical description of spacetime must
be extended when quantum mechanical systems are measured.
According to (1) quantum entanglement is a purely quantum phenomenon
and classical concepts associated with causally connected events in space are
absent. This is the point of view advocated by practitioners of standard
quantum mechanics. One should abandon any notion that physical space
plays a significant role for distant correlations of entangled quantum states.
For those who remain troubled by this abandonment of a causal spatial con-
nection between entangled states, it is not clear how attempting to change
quantum mechanics would help matters. This leaves the possibility (3) that
classical special relativity is too restrictive to allow for a complete spacetime,
causal description of quantum entanglement.
In the following, we adopt position (3) and propose a scenario based on
a ‘bimetric’ description of spacetime. This kind of construction has been
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successful in cosmology, in which it provides an alternative to the standard
inflationary cosmologies [7, 8, 9]. In the present application of the bimetric
description of spacetime to the quantum entanglement problem, we picture
that a quantum mechanical metric frame is related to a gravitational metric
frame by the gradients of a scalar field φ. The gravitational metric de-
scribes locally a Minkowski light cone with constant speed of gravitational
waves (gravitons) cg, while the quantum mechanical metric describes locally
a different light cone with an increased speed of light c > c0, where c0 is
the currently observed speed of light. When the dimensionless parameter
γ = c/cg = 1, spacetime is described locally by a flat Minkowski metric with
one fixed lightcone and we can choose units such that c = cg = c0 = 1.
The amount of entanglement of a quantum mechanical bipartite system
is given by the density matrix of its von Neumann entropy. For a pure non-
entangled state, the speed of transmitted signals travels with the standard
classical, special relativity value c0, but for entangled states, quantum me-
chanical superluminal signals can travel in the quantum mechanical metric
frame, thereby providing a Lorentz invariant spacetime description of quan-
tum entanglement phenomena. When an entangled quantum system suffers
decoherence due to environmental effects, the system rapidly becomes a clas-
sical one with the spacetime structure determined by the gravitational metric
gµν , corresponding locally to Minkowski spacetime with a single lightcone.
2 Bimetric Gravity Theory
We postulate that four-dimensional spacetime is described by the bimetric
structure [7]:
gˆµν = gµν + α∂µφ∂νφ, (1)
where α > 0 is a constant with dimensions of [length]2 and we choose the
scalar field φ to be dimensionless. The metric gˆµν is called the matter quan-
tum mechanical metric, while gµν is the gravitational metric. The scalar field
φ belongs to the gravitational sector. We choose the signature of flat space-
time to be described by the Minkowski metric ηµν = diag(1,−1,−1,−1).
The inverse metrics gˆµν and gµν satisfy
gˆµαgˆνα = δ
µ
ν , g
µαgνα = δ
µ
ν . (2)
We assume that only non-degenerate values of gˆµν with Det(gˆµν) 6= 0 corre-
spond to physical spacetime.
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The action is given by
S = SG[g] + Sφ[g, φ] + SˆM [gˆ, ψ
I ], (3)
where
SG[g] = −1
κ
∫
dtd3x
√−g(R[g] + 2Λ), (4)
and
Sφ[g, φ] =
1
κ
∫
dtd3x
√−g
(
1
2
gµν∂µφ∂νφ− V (φ)
)
. (5)
Moreover, the matter stress-energy tensor is
Tˆ µν = − 2√−gˆ
δSˆM
δgˆµν
, (6)
κ = 16πG/c4
0
, Λ is the cosmological constant and ψI denotes matter fields.
We have constructed the matter action SˆM using the matter quantum me-
chanical metric gˆµν . The stress-energy tensor for the scalar field φ is given
by
T µνφ =
1
κ
[
gµαgνβ∂αφ∂βφ− 1
2
gµνgαβ∂αφ∂βφ+ g
µνV (φ)
]
. (7)
An alternative choice of bimetric structure is [8, 9]:
gˆµν = gµν + αψµψν , (8)
where ψµ is a vector field and
Fµν = ∂µψν − ∂νψµ (9)
is the field strength tensor. In the following, we shall consider only the
bimetric tensor-scalar spacetime structure defined by (1).
Variation of the action S in (3) gives the field equations
Gµν =
κ
2
(sTˆ µν + T µνφ ) + Λg
µν , (10)
∇µ∇µφ+ V ′(φ)− κsαTˆ µν∇ˆµ∇ˆνφ = 0, (11)
where Gµν = Rµν − (1/2)gµνR is the Einstein tensor and s = √−gˆ/√−g.
Moreover, ∇µ and ∇ˆµ denote the covariant differential operators associated
with gµν and gˆµν , respectively, V (φ) is the potential for the field φ and
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V ′(φ) = ∂V (φ)/∂φ. For a free scalar field φ the potential will be V (φ) =
1
2
m2φ2, where m is the mass of the particle associated with the scalar field
φ. The energy-momentum tensor Tˆ µν satisfies the conservation laws
∇ˆν
[√
−gˆTˆ µν
]
= 0. (12)
3 Bimetric Special Relativity and Quantum
Mechanics
The local special relativity metric is given by gµν = ηµν with
ds2 ≡ ηµνdxµdxν = c2gdt2 − (dxi)2, (13)
where (i, j = 1, 2, 3). The quantum mechanical metric for the choice (1) is
dsˆ2 ≡ gˆµνdxµdxν = (ηµν + α∂µφ∂νφ)dxµdxν . (14)
The latter can be written as
dsˆ2 = c2
0
dt2
(
1 +
α
c20
φ˙2
)
− (δij − α∂iφ∂jφ)dxidxj , (15)
where φ˙ = dφ/dt. We see that the speed of light in the quantum mechanical
metric is space and time dependent. If we assume that ∂iφ ≈ 0, then we
have 1
c(t) = c0
(
1 +
α
c20
φ˙2
)1/2
. (16)
The null cone equation ds2 = 0 describes gravitational wave signals mov-
ing with the constant measured speed cg, whereas dsˆ
2 = 0 cannot be satisfied
along the same null cone lines, but determines an expanded null cone with
the speed of light c > c0. The bimetric null cone structure is described in
Fig.1.
1In GR, with one local lightcone, we can always perform a diffeomorphism transfor-
mation to remove the time dependence of c. This correponds to being able to choose
units in which rigid ruler and clock measurements yield ∆c/c = 0. In the bimetric gravity
theory, we cannot simultaneously remove the time dependence of c and cg by performing a
diffeomorphism transformation. If we choose cg to be constant, then the time dependence
of c is non-trivially realized.
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Fig. 1. Bimetric light cones showing the timelike communication path
between the two entangled states at A and B in the quantum mechanical
metric gˆµν .
Both metrics (13) and (14) are separately invariant under local 2 Lorentz
transformations
x
′µ = Λµνx
ν , (17)
where Λµν are constant matrix coefficients which satisfy the orthogonality
condition
ΛµνΛµ
σ = δν
σ. (18)
The ‘physical’ matter metric gˆµν describes the geometry in which quan-
tum matter propagates and interacts. Because all quantum matter fields are
coupled to the same metric gˆµν in the same way, the weak equivalence prin-
ciple is satisfied in this metric frame. However, because gˆµν does not couple
to matter in the same way as in GR unless φ = 0, the strong equivalence
principle is not satisfied.
If we choose a spacelike surface for each individual metric gˆµν and gµν ,
then a Cauchy initial value solution of the field equations for given initial
2We consider a small patch of spacetime in which gµν ≈ ηµν , so that we can restrict
our attention to local Lorentz transformations.
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data on these spacelike surfaces can be obtained, which preserves the causal
evolution of the fields and field equations [9]. If we consider a vector field
Vµ, which is timelike (or null) with respect to both metrics gˆµν and gµν ,
then an observer would see a normal, causal ordering of timelike events.
However, we could picture a situation in which an observer at A, in Fig.1,
observes that the vector field Vµ is timelike with respect to the smaller light
cone, but is spacelike with respect to the second larger lightcone. In this
sense, causality in the bimetric gravity theory is observer dependent. Thus,
by performing a Lorentz transformation to a boosted frame in the second,
larger light cone, events connected by a ‘superluminal’ quantum information
signal would appear to be acausal with respect to the observer at A, i.e. the
emission of a light signal would appear to take place later than its reception.
However, In the ‘physical’ matter metric frame described by gˆµν , an observer
at B would see a proper timelike and causal ordering of events, provided the
observer is restricted to observing a timelike vector field. Thus, the emission
of quantum matter information signals would be causal with respect to the
observer at B in the metric frame described by gˆµν .
In classical physics, information is communicated through space with a
limiting speed c = c0. Information can affect events only in the forward light
cone. We are concerned with the transmission of ‘quantum information’
(QI), which is transported through space at some speed vQI . Let us consider
a smallest cone with θQI the angle of the cone to the vertical. Then vQI =
0 corresponds to θQI = 0, vQI = c0 = cg to θQI = π/4, and vQI = ∞
corresponds to θQI = π/2 [10]. We can also define an inverse speed of QI:
wQI = cot θQI =
(
c0
vQI
)
. (19)
Then, vQI = cg = c0 and ∞ correspond to wQI = 1 and 0, respectively.
The case wQI = 1 is related to the classical special relativity metric frame
with the constant values c = c0 = cg, while 0 ≤ wQI ≤ 1 corresponds to the
quantum mechanical metric lightcone swept out by the time dependence of
c = c(t) for α 6= 0.
We require a local relativistic description of quantum mechanics. To this
end, we introduce the concept of a general spacelike surface in Minkowski
spacetime, instead of the flat surface t = constant. We demand that the
normal to the surface at any point x, nµ(x), be time-like: nµ(x)n
µ(x) > 0.
We denote a spacelike surface by σ. A local time t(~x) is assigned, so that
in the limit that the surface becomes plane, each point has the same time
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t = constant. We can now define the Lorentz invariant functional derivative
δ/δσ(x) and the Tomonaga-Schwinger equation [11, 12, 13]
ih¯c0
δψ(σ)
δσ(x)
= Hint(x)ψ(σ), (20)
where
Hint(t) =
∫
d3xHint(x), (21)
is the Hamiltonian operator in the interaction representation, and Hint(x) is
the Lorentz invariant Hamiltonian density. Eq. (20) is a relativistic extension
of the Schro¨dinger equation
ih¯∂tψ(t) = H(t)ψ. (22)
It is essential that the domain of variation of σ is restricted by the inte-
grability condition
δ2ψ(σ)
δσ(x)δσ(x′)
− δ
2ψ(σ)
δσ(x′)δσ(x)
= 0. (23)
This equation in turn implies that
[Hint(x),Hint(x′)] = 0, (24)
for x and x′ on the spacelike surface σ. In quantum field theory, it is usual
to work in the interaction picture, so that the invariant commutation rules
for the field operators automatically guarantee that (24) is satisfied for all
interacting fields with local nonderivative couplings.
The Tomonaga-Schwinger equation evolves unitarily in the special rela-
tivity metric gµν = ηµν with α = 0, before a measurement of a quantum me-
chanical state is performed and before the collapse of the state wave function.
After a measurement is performed on a quantum state and α is ‘switched on’,
then depending upon the spatial distance of the causal communication be-
tween two entangled states A and B, and the size of α required to make A
and B timelike separated, the Tomonaga-Schwinger equation and its non-
relativistic counterpart – the Schro¨dinger equation – will have a spacelike
region outside the quantum mechanical metric lightcone to evolve unitarily.
For α → ∞ this spacelike region will shrink to zero and A and B will be
timelike separated by an infinite spatial distance and vQI =∞.
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We introduce the concept of a locally Lorentz invariant density matrix:
ρ(σ(x)) = |ψ(σ)〉〈ψ(σ)|. (25)
The density matrix operator ρ(σ) satisfies the invariant Heisenberg equation
of motion
ih¯c0
δρ(σ)
δσ
= [Hint(x), ρ(σ)]. (26)
A local relativistic measure of the entanglement of a bipartite quantum
state is given by
S(ρm)(σ) = −Trmρ(σ) log ρ(σ), (27)
where S(ρm)(σ) is the relativistic entropy of the subsystems A and B. More-
over, ρA = TrB|ψ〉〈ψ| is the reduced density matrix obtained by tracing the
whole system’s pure state density matrix ρAB = |ψ〉〈ψ| over A’s degrees of
freedom, while ρB = TrA|ψ〉〈ψ| is the partial trace over B’s degrees of free-
dom. In the non-relativistic limit, (27) reduces to the pure bipartite entropy
measure of entanglement [14, 15]. 3
For a non-entangled state for which the ψ(σ) can be expressed as a tensor
product ψA(σ)⊗ψB(σ), we have S(ρ)(σ) = 0, gˆµν = gµν and there is no signal
transmitted between the bipartite states A and B by light signals associated
with the special relativity metric (13) light cone with cg = c0, for they are
now spacelike separated.
For an entangled state α 6= 0 the spacetime is described by the local met-
ric (14). Since the speed of light can become much larger in the quantum
mechanical metric frame, it is now possible to transmit signals at ‘superlu-
minal’ speeds without violating the spatial causality notions that prevail in
the familiar classical special relativity frame. In this way, by introducing
a bimetric spacetime, we have incorporated the notions of spacetime events
and causality for quantum mechanical entangled states.
4 Conclusions
An observer who detects a quantum mechanical system with some measur-
ing device and subsequently observes an entangled state with α 6= 0 in the
3We consider in the following only the simple physical system of two photons (or two
electrons). The entanglement measure for a mixed state and a multiparticle state is
controversial and no consensus has been reached on how to define it.
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quantum mechanical metric frame, will also observe an exchange of quan-
tum information with the spatially distant other component of the entangled
state. In the quantum mechanical metric frame, the speed of the light signal
c emitted, say, at a counter at A and received at a distant counter B will
be finite but large compared to the measured value of the speed of light c0
in the classical, local gravitational metric frame, and A and B are no longer
‘spacelike’ separated.
A possible experiment to verify the bimetric spacetime scenario would be
to attempt to measure a decrease in the communication signals associated
with the solutions of the fields φ with α 6= 0. Since electromagnetic (pho-
ton) communication can take place over large cosmological distances in the
universe, then given enough transmission energy the two entangled states A
and B could communicate at large spatially separated distances without an
observer detecting a significant decrease in the amount of entanglement and
correlation of A and B. The current correlation experiments have a separa-
tion distance ∼ 11 kilometres and it is estimated in a preferred frame that
c ∼ 104c0 [4]. It is possible that when experiments are performed at larger
spatial separations, a dilution of the correlation between entangled states will
be observed. Until then, we cannot exclude our alternative proposal, based
on an extended spacetime structure using a bimetric geometry.
In our bimetric scenario, the Bell inequalities would not exclude our ex-
tension of special relativity theory and gravitation theory. The observed
experimental violations of Bell’s inequality tell us that the assumption of
classical locality, based on one metric and one Minkowski light cone, is not
compatible with quantum mechanics. But the observed violation of Bell’s
inequality does not exclude the extended concept of locality possessed by the
bimetric two-lightcone structure and quantum mechanics.
In our generalized bimetric gravity theory, we no longer have the peculiar
tension that exists between GR and quantum mechanics, caused by classical
gravity theory being a strictly local theory at macroscopic distances (equiv-
alence principle) and the nonlocal behavior of spatially separated entangled
states in quantum mechanics. This may lay the groundwork for a consistent
quantum gravity theory.
Acknowledgments
This work was supported by the Natural Sciences and Engineering Re-
10
search Council of Canada. I thank Michael Clayton and Pierre Savaria for
stimulating and helpful conversations.
References
[1] A. Einstein, B. Podolsky and N. Rosen, Phys. Rev. 47, 777 (1935).
[2] E. Schro¨dinger, Proc. Cambridge Philo. Soc. 31, 555 (1935).
[3] F. Lalo¨, Am. J. Phys. 69, 655 (2001).
[4] W. Tittel, J. Brendel, H. Zbinder, and N. Gisin, Phys. Rev. Lett. 81,
3563 (1998), quant-ph/9806043; R. T. Thew, S. Tanzilli, W. Tittel, H.
Zbinden, and N. Gisin, quant-ph/0203067.
[5] R. Y. Chiao, gr-qc/0211078.
[6] J. S. Bell, Physics 1, 195 (1964). Reprinted in J. S. Bell, Speakable
and Unspeakable in Quantum Mechanics (Cambridge University Press,
1987, p. 14).
[7] M. A. Clayton and J. W. Moffat, Phys. Lett. B477, 269 (2000),
astro-ph/9810112; M. A. Clayton and J. W. Moffat, Phys. Lett. B506,
177 (2001), gr-qc/0101126; J. W. Moffat, Int. J. Mod. Phys. D12,
281 (2003), gr-qc/0202012; M. A. Clayton and J. W. Moffat, Int.
J. Mod. Phys. D12, 697 (2003), astro-ph/0203164; M. A. Clayton
and J. W. Moffat, J. Cosmol. Astropart. Phys. JCAP 07 (2003) 004,
gr-qc/0304058.
[8] M. A. Clayton and J. W. Moffat, Phys. Lett. B460, 263 (1999),
astro-ph/9812481.
[9] M. A. Clayton and J. W. Moffat, Int. J. Mod. Phys. D11, 187 (2002),
gr-qc/0003070.
[10] R. Garisto, quant-ph/0212078.
[11] S. Tomonager, Prog. Theor. Phys. (Japan), 1, 27 (1946).
11
[12] J. Schwinger and V. Weisskopf, Phys. Rev. 73, 1272 (1948); J.
Schwinger, Phys. Rev. 74, 1439 (1948).
[13] S. S. Schweber, An Introduction to Relativistic Quantum Field Theory,
Harper and & Row, New York, 1962.
[14] C. H. Bennett, D. P. DiVincenzo, J. A. Smolin, and W. K. Wootters,
Phys. Rev. A54, 3824 (1996), quant-ph/9604024 v2.
[15] W. K. Wootters, Phys. Rev. Lett. 80, 2245 (1998), quant-ph/9709029
v2.
12
